Cnidarians are probably the oldest group of animals to be venomous, yet our current picture of cnidarian venom evolution is highly imbalanced due to limited taxon sampling. High-throughput tandem mass spectrometry was used to determine venom composition of the scyphozoan Chrysaora lactea and two cubozoans Tamoya haplonema and Chiropsalmus quadrumanus. Protein recruitment patterns were then compared against 5 other cnidarian venom proteomes taken from the literature. A total of 28 putative toxin protein families were identified, many for the first time in Cnidaria. Character mapping analysis revealed that 17 toxin protein families with predominantly cytolytic biological activities were likely recruited into the cnidarian venom proteome before the lineage split between Anthozoa and Medusozoa. Thereafter, venoms of Medusozoa and Anthozoa differed during subsequent divergence of cnidarian classes. Recruitment and loss of toxin protein families did not correlate with accepted phylogenetic patterns of Cnidaria. Selective pressures that drive toxin diversification independent of taxonomic positioning have yet to be identified in Cnidaria and now warrant experimental consideration.
Introduction
Cnidaria is believed to be the most basal of the extant Metazoa to be venomous, having evolved since Neoproterozoic times,~650 million years ago, long before the Cambrian radiation (Van Iten et al., 2014) . Cnidaria is a diverse phylum comprising over 13,500 free living or parasitic marine, freshwater and terrestrial species (Daly et al., 2007 plus myxozoans by Okamura et al., 2015a ).
Cnidaria has two major subphyla: Anthozoa and Medusozoa. Anthozoa include sea anemones and both hard and soft corals (Bridge et al., 1992; Marques and Collins, 2004) . Medusozoa comprise the classes Staurozoa (e.g. stalked jellyfish), Cubozoa (e.g. box jellyfish), Scyphozoa (e.g. 'true' jellyfish) and Hydrozoa (e.g. Hydra and relatives including several species of smaller jellyfish) (Marques and Collins, 2004; Collins et al., 2006; Van Iten et al., 2014) . Recent molecular phylogenetic analyses have corroborated the cnidarian nature of Myxozoa, with strong support as a sistergroup to Medusozoa (reviewed in Okamura et al., 2015b) .
The most evident synapomorphy of Cnidaria is the presence of cnidae, organelles produced by the Golgi apparatus of specialised cells called cnidoblasts (Marques and Collins, 2004; Fautin, 2009; Beckmann and € Ozbek, 2012) . Cnidae are found in various parts of the body of a cnidarian and are classified into three morphological types: nematocysts, spirocysts and ptychocysts ( € Ostman, 2000; € Ozbek et al., 2009 ). The nematocysts discharge venom and are found in all cnidarians, but are morphologically and functionally heterogeneous (David et al., 2008; Fautin, 2009 ). In addition to prey capture and defence against predation, the venom of nematocysts may also mediate spatial intraspecific and interspecific competition (Bigger, 1980; Kass-Simon and Scappaticci, 2002) . There has been resurgence in interest surrounding the nature and evolutionary origins of cnidarian venom toxins, since the first application of high throughput tandem mass spectrometry realised high sequence homology between cnidarian toxins and those of other venomous animals (Weston et al., 2012 (Weston et al., , 2013 . Many studies using genomic, transcriptomic or proteomic approaches have also realised these astonishing similarities (Balasubramanian et al., 2012; Brinkman et al., 2012 Brinkman et al., , 2015 Li et al., 2012 Li et al., , 2014 Li et al., , 2016 Gacesa et al., 2015; Jouiaei et al., 2015a; Macrander et al., 2015 Macrander et al., , 2016 Lewis-Ames et al., 2016; Ponce et al., 2016 , Huang et al., 2016 , leading to the recognition that understanding the mechanisms underpinning toxin diversification in Cnidaria could provide a platform from which the evolution of this trait in higher animals might be more fully explored (Starcevic and Long, 2013; Starcevic et al., 2015; Jouiaei et al., 2015b) . For this to be achieved, a comprehensive inventory of toxins must first be undertaken and then mapped against different taxonomic levels from established cnidarian phylogeny. To date, studies attempting to infer evolutionary aspects of toxin recruitment in Cnidaria have suffered limited taxon sampling, but when taken together these studies have demonstrated a degree of functional recruitment of certain toxin protein families at different taxonomic levels Brinkman et al., 2015; Jouiaei et al., 2015b) . Here, the number of venom proteomes is expanded and used with data from the literature for character mapping analysis, to establish a more complete venom assembly hypothesis between the major taxonomic classes of Cnidaria.
Material & methods
Nematocyst proteomics: The scyphozoan Chrysaora lactea and two cubozoans Tamoya haplonema and Chiropsalmus quadrumanus ( Fig. 1) were collected with permission (SISBIO license 15031-2) on May 7th, 2012 by bottom shrimp trawls (2 cm mesh size) dragged at 10 m depth along Enseada beach (Guaruj a County, São Paulo State, ca. 23 43 0 20 00 S 43 23 0 40W). Animals were identified based on morphological characters (Morandini et al., 2005; Morandini and Marques, 2010; Collins et al., 2011) and intact nematocysts were isolated from excised tentacles as previously described (Weston et al., 2013) . To extract solubilised proteins, 1 mL of protein extraction buffer (50 mM TEAB, 0.04% (w/v) SDS, Roche protease and phosphatase inhibitor cocktail) was added to freeze dried nematocysts. The reconstituted material was disrupted in a sonic bath (VWR, Lutterworth, UK) for 15 min. The debris was removed by centrifugation (10,000 Â g for 10 min at 4 C). The supernatant was decanted and the soluble protein concentration determined by Bradford assay. A volume equivalent to 15 mg of protein was made up to 15 mL in extraction buffer and added to 15 mL 2 Â Laemmli sample buffer, heated for 10 min at 95 C and loaded onto a 4e12% (w/v) NuPAGE gel (Life Technologies) and separated by 1D SDS-PAGE. Electrophoresis was performed in MES buffer (Life technologies) at 150 V for approximately 100 min. The entire gel lane was then divided into 15 equal sections, excised and cut into 2 mm pieces. In-gel reduction, alkylation, and proteolytic digestion with trypsin were performed as follows: Cysteine residues were reduced with 10 mM dithiothreitol and alkylated with 55 mM iodoacetamide in 100 mM ammonium bicarbonate to form stable carbamidomethyl derivatives. Trypsin digestion was carried out overnight at 37 C in 50 mM ammonium bicarbonate buffer and the supernatant was retained. Peptides were extracted from the gel pieces by two washes with 50 mM ammonium bicarbonate and acetonitrile. Each wash involved shaking the gel pieces for 10 min. The extracts were pooled with the initial digestion supernatant and then lyophilised. Lyophilised extract was reconstituted in 30 mL of 50 mM ammonium bicarbonate buffer for LC-MS/MS.
Data analysis: Data analysis was performed as previously described (Weston et al., 2013; Gacesa et al., 2015) but with minor modifications. Briefly, a one search matching strategy of rawfile MS/MS data against the Tox-Prot UniProtKB/Swiss-Prot database (Jungo et al., 2012) using the MASCOT search engine was first executed (Perkins et al., 1999) . Methionine oxidation, phosphorylation on S/T/Y, deamidation on N/D and carbamidomethyl cysteine were selected as fixed modifications. Digestion with trypsin allowed up to three missed cleavages. The data were searched with a parent ion tolerance of 5 ppm and a fragment ion tolerance of 0.5 Da. The MASCOT result files were next uploaded into Scaffold v4.3.4 (Proteome Software, Portland, Oregon, USA) (Searle, 2010) and spectra corresponding to likely venom toxin peptides were manually validated for unbroken series of overlapping b-type and y-type sequence specific fragments ions, where losses consistent with the sequence were acceptable. Validated spectra (Figs. S1eS3) corresponding to peptides with predicted venom toxin functions were next distinguished from peptides with likely other non-toxic physiological functions using 'ToxClassifier' (Gacesa et al., 2016) . This is a suite of machine learning based classifiers that provide consistent discrimination of toxins from non-toxin peptide Character mapping analysis: In addition to the data acquired in this study, putative toxins from other cnidarians described in the literature were also included to enhance the dataset. These putative toxins were from the anthozoans Anemonia viridis and Acropora digitifera (Gacesa et al., 2015) , the hydrozoans Olindias sambaquiensis (Weston et al., 2013) and Hydra magnipapillata and, the scyphozoan Aurelia aurita . The putative toxins from the combined data set were assigned to venom toxin protein families using established KEGG ontology. Data were coded in a matrix as presence (1) or absence (0) of each toxin protein family in each species. Reconstruction of ancestral states at different nodes on an accepted taxonomic tree of Cnidaria (Marques and Collins, 2004; Collins et al., 2006) was performed using Mesquite version 3.04 (Maddison and Maddison, 2015) with the parsimony criterion for the model unordered. In addition, the matrix of presences and absences of toxin protein families was used to infer a phylogenetic pattern based on the parsimony criterion.
Results
Comparative proteomics of toxin protein families: The putative toxin proteomes of nematocysts for the 3 species experimentally acquired in this study are given in Table 1 . The toxin protein families from 5 species taken from the literature are given in Table S1 . A total of 28 toxin protein families were identified from the nematocyst proteomes of the 8 species studied and are shown in Fig. 2 . Nine (~33%) out of the 28 toxin protein families were shared by all the four classes of cnidarians. These 9 protein families were conotoxins O, CRISP, latrotoxin, lipase, metalloproteinase, phospholipases A 2 (PLA 2 ), phospholipases D, CS ab potassium channel blocker, and CS ab sodium channel inhibitor. Nineteen protein toxin families were not distributed across all classes (Fig. 2) . These included three families of pore forming toxins, which were the jellyfish toxin family-like proteins (JFTs) found to be restricted to the sister classes Cubozoa and Scyphozoa; the actinoporins found in the classes Anthozoa, Hydrozoa and Cubozoa, and latarcins found in the classes Anthozoa and Scyphozoa. The ficolins and snaclec belong to the lectin families of toxins and were limited to the Scyphozoa Anthozoa, and Hydrozoa. Peptides with similarity to three families of neurotoxins were also taxonomically restricted (Fig. 2) , these were the kunitz type family detected in Anthozoa and Scyphozoa, the calcium channel blocker Huwentoxin-1 reported here for the first time but solely in medusozoans, and snake three finger found in all classes except Cubozoa. Likewise, peptidase S1, flavin amino-oxidase and glycosyl hydrolase 56 families were identified in all classes except Cubozoa. Complement C3 family-like proteins were identified in the Hydrozoa and Scyphozoa. MAC-PF family-like proteins were identified in the Hydrozoa and Cubozoa. The presence of translationally controlled tumour like proteins (TCTP) was identified in the venom proteome from both Anthozoa and Hydrozoa.
Evolution of the cnidarian venom arsenal: Recruitment patterns of putative toxin protein families ( Fig. 3 and Table S3) were Table 1 Predicted venom proteomes of potential toxins isolated from nematocysts. A) Chiropsalmus quadrumanus, B) Tamoya haplonema and C) Chrysaora lactea. Peptide fragments used for putative toxin annotation are given with validated spectra in Figs. S1eS3. inferred using a presence and absence matrix (Table S2 ). This recruitment pattern indicated that venom of Medusozoa and Anthozoa ancestors might have been composed of at least seventeen types of protein toxin families ( Fig. 3 and Fig. S4i ). After separation of the ancestral lineage into Anthozoa and Medusozoa, some putative toxins were lost (or not expressed) in some clades. For example, the TCTP family was not present in the Cubozoa and Scyphozoa. Similarly, the actinoporin toxin protein family was lost from Scyphozoa. Unlike the other classes, the species of Cubozoa examined demonstrated large losses. Nine toxin protein families might have been recruited by a single clade after the split Anthozoa-Medusozoa (Fig. 3 and Fig. S4ii ). Three families of cytolytic toxins (MAC-PF, ficolin lectin and JFTs) appear to have been recruited into Medusozoa after the basal diversification event into the venom of Hydrozoa, Scyphozoa, and Cubozoa (Fig. 3) . Equally, two families of neurotoxins ShK-like potassium channel and sea anemone sodium channel modulator appear to have been recruited into Anthozoa only. The latarcin and kunitz-type toxin protein families, might have been recruited independently (i.e., by convergence) into the venom of Anthozoa/Scyphozoa (Fig. 3 and Fig. S4iii ). Phylogenetic analysis of the presence and absence matrix gave a topology of (Cubozoa(Anthozoa(Hydrozoa, Scyphozoa))), which disagreed with the more accepted phylogeny of Cnidaria (Anthozoa(Hydrozoa(Cubozoa, Scyphozoa))).
Discussion
The putative toxin component of nematocyst proteomes for 3 out of the 8 species examined (Chrysaora lactea, Tamoya haplonema, and Chiropsalmus quadrumanus) are described in this study for the first time (Table 1) . Venom data from 3 other species (Anemonia viridis, Hydra magnipapillata, and Aurelia aurita) were published elsewhere and reassessed in this study. These data were combined with our own previously published (Marques and Collins, 2004; Collins et al., 2006) . Solid black rectangles represent recruitment events. Dotted rectangles represent absence of toxin families. White rectangles represent multiple recruitments of toxin families. The numbers above of the lines represents the toxin families: 1. actinoporins; 2. complement C3; 3. conotoxins O; 4. Conotoxins T; 5. CRISP; 6. ficolin lectin; 7. flavin monoamine oxidase; 8. Jellyfish toxin; 9. kunitz-type; 10. latrotoxin; 11. MAC-PF; 12. metalloproteinase; 13. natriuretic peptide; 14. peptidase S1; 15. phospholipase A2; 16. phospholipase B; 17. phospholipase D; 18. ShK-like potassium channel; 19. snaclec; 20. snake three finger; 21. Sea anemone sodium channel modulator; 22. TCTP; 23. glycosyl hydrolase 56*; 24.
huwentoxin-1*; 25. latarcin*; 26. lipase*; 27. CS ab potassium channel blocker*; 28. CS ab sodium channel inhibitor*. The proteins families marked with asterisk (*) have never previously been recorded in Cnidaria.
putative nematocyst toxin proteomes from Acropora digitifera (Gacesa et al., 2015) and Olindias sambaquiensis (Weston et al., 2013) . Altogether, the data from this study has supported previous research that Anthozoa and Medusozoa have complex venom composition comprising multiple protein families Jouiaei et al., 2015c) (Figs. 2 and 3) . We highlight that, although transcriptomes and proteomes from other species of cnidarians have also been published (Moran et al., 2013; Jouiaei et al., 2015a; Ponce et al., 2016; Macrander et al., 2016) , our analysis focused on those species for which we had access to raw proteomics MS/MS data which could be analysed using identical bioinformatics methods, ensuring results were fully comparable. Our study was conservative, being restricted to putative toxin annotation in the expressed proteome and did not include a study of transcriptomes. This was because not all the transcripts that contributed to transcriptome diversity would equally be likely to be translated (if at all) and have contributed to protein diversity. Hence, correlation between sequences annotated as putative toxins in the transcriptome and proteome would not have been straightforward given the difficulty in differentiating sequences with toxic and other physiological functions. Future work to overcome this impediment will require the acquisition of genome sequence onto which other sequence data can be mapped (Gacesa et al., 2015) .
Comparative venom proteomic analysis from different Cnidaria classes
Our comparative proteomics data of putative venom toxins indicated that nearly half of the protein toxin families were distributed across all of the cnidarian classes studied (Fig. 2) . The biological activities of some of these toxin families are of note, for example, PLA 2 toxins have thus far only been identified with haemolytic activity in cnidarians (Hessinger and Lenhoff, 1976; Grotendorst and Hessinger, 2000; Anderluh and Ma cek, 2002; Talvinen and Nevalainen, 2002; Nevalainen et al., 2004; Razpotnik et al., 2010) , although neurotoxic and myotoxic activities as well as non-toxic physiological functions have also been widely reported in other venomous animals (Fry et al., 2009; Six and Dennis, 2000) . Likewise, phospholipase D family proteins isolated from cnidarian venoms have been reported to exhibit necrotic activity (Burke, 2002; Uri et al., 2005) , with homologs also recently identified in the giant jellyfish Cyanea capillata (Liu et al., 2015) . Most of the metalloproteinases identified in this study belonged to the zinc metalloproteinase family. This family of toxins is an important component found in the venoms of many terrestrial animals such as centipedes, snakes and ticks (Fry et al., 2009; Undheim et al., 2014) , with diverse biological activities culminating in haemorrhage and tissue necrosis in the target prey following envenomation (Fox and Serrano, 2005; Da Silveira et al., 2007) . Transcriptomic and proteomic studies have identified zinc metalloprotease in venoms of the scyphozoans Stomolophus meleagris, Cyanea capillata, and Cyanea nozakii (Li et al., 2014 (Li et al., , 2016 Liu et al., 2015) , the cubozoan Chironex fleckeri (Brinkman et al., 2015; Jouiaei et al., 2015a) and the anthozoan Anthopleura elegantissima (Macrander et al., 2015) . A study of metalloproteases from the scyphozoan Nemopilema nomurai, Rhopilema esculenta, Cyanea nozakii, and Aurelia aurita confirmed the necrotic toxicity of these enzymes (Lee et al., 2011) . Both sodium and potassium ion channel inhibitors were identified in representatives of all of the classes examined. These two types of neurotoxins have been widely studied in Anthozoa, especially sea anemones and comprise the largest number of toxins so far recorded in public databases for Cnidaria (Moran et al., 2009; Suput, 2009; Turk and Kem, 2009; Frazão et al., 2012; Jouiaei et al., 2015c; Macrander et al., 2015; Mariottini et al., 2015) . Neurotoxic effects have been identified in scyphozoans such as Cyanea nozakii (Feng et al., 2010) , Cyanea capillata (Helmholz et al., 2012) , and Pelagia noctiluca (Pang and Schawrtz, 1993; Morabito et al., 2012) and, in cubozoans such as Carukia barnesi (Winkel et al., 2005) and Malo kingi (Gershwin, 2007) . In this study, we identified two putative types of sodium and potassium ion channel inhibitors (Fig. 2, Table S2 ). ShK-like potassium channel and sea anemone sodium channel modulator were only found in a single Anthozoan species, Anemonia viridis (a sea anemone). It should be noted that this was the only species of sea anemone analysed in this study. Both sodium and potassium putative ion channel inhibitors have been found exclusively in sea anemones (Moran et al., 2009; Diochot and Lazdunski, 2009) . CS ab potassium channel blocker and CS ab sodium channel inhibitor were found in all of the species of cnidarians analysed including another anthozoan, Acropora digitifera and have sequence homology to sodium and potassium channel blockers of scorpions. This observation might highlight a rare example of mechanistic convergence whereby sodium and potassium ion channel inhibitors appeared on two separate occasions within the cnidarians. Convergent evolution of these toxins in scorpions and sea anemones has been previously reported and although these toxin protein families are structurally different, functional mapping studies have shown similarities in the binding cores (Gasparini et al., 2004) . Further species sampling is required to substitute these observations which are based here on a single MS/MS event in the anthozoa Acropora digitifera, the hydrozoa Hydra magnipapillata, the scyphozoan Aurelia aurita and the cubozoans Chiropsalmus quadrumanus and Tamoya haplonema. It should also be noted that the names given to each putative ion channel inhibitors were used to distinguish between the two different possible origins of the putative sodium and potassium ion channel inhibitors identified in this study. Another family of neurotoxins were the CRISP type toxins, which again were found in all classes of cnidarians studied herein. This toxin protein family has widely been reported in cnidarian venoms (Brinkman et al., 2015; Ponce et al., 2016; LewisAmes et al., 2016) and attributed many biological functions.
Just over half of the toxins protein families identified in this study were restricted to certain cnidarian classes only (Fig. 2) . Hyaluronidase-like proteins were found in all classes of cnidarians except Cubozoa, but these proteins are common and have non-toxic physiological function in many non-venomous animals. It is feasible that such proteins are likely recruited into venoms not as toxins, but as adjuvants to increase tissue permeability (Kemparaju and Girish, 2006; Fry et al., 2009) . Non-toxic peptides and proteins present in nematocysts that may function in toxin maturation, toxin trafficking and delivery, or as self-defence mechanisms against the biological activities of the venom have received little study and perhaps warrant closer inspection. Likewise, the peptidase S1 family was also detected in all cnidarian classes studied except Cubozoa. This family is part of the group of serine protease inhibitors that is widely distributed in other marine venomous animals including marine cone snails and cephalopods (Mourão and Schwartz, 2013) , as well as terrestrial reptiles (Fry et al., 2009) . Recently, serine protease homologs were identified in the transcriptome of the sea anemone Anthopleura elegantissima (Macrander et al., 2015) . However, the biological activity of the S1 peptidase family of toxins has yet to be confirmed in cnidarians. It is unclear why proteins commonly associated with innate immune responses are also apparently widely distributed in cnidarian venoms. For example, MAC-PF-like toxins have also been identified in sea anemones (Nagai et al., 2002; Oshiro et al., 2004) and were recently annotated in the transcriptomes and proteomes of Hydrozoa and Scyphozoa . Likewise, the actinoporins are pore-forming toxins were found in the proteomes of Anthozoa and Cubozoa classes. These cytolysins have also been identified in transcriptome sequences and biological activity recorded in nematocyst venom extracts of various Hydra species (Hydrozoa) Glasser et al., 2014) .
Assembly of the cnidarian venom proteome
To date, only one previous study has been published that used similar approaches to those described here to investigate evolutionary aspects of toxin recruitment in Cnidaria . In this previous study, the kunitz type family of toxins was only found in Anthozoa. In the study present here, this family of toxins was found in Anthozoa, but was also identified in Scyphozoa. In the study of Rachamim et al. (2014) , the PLA2 family of toxin proteins were only found in species of Scyphozoa and Hydrozoa. In our analyses, PLA2 were present in all the Cnidaria classes studied and hence, most likely arose as a recruitment event at the base ancestor of the Cnidaria. It should be noted that PLA2 like proteins have also been identified in recent studies of Anthozoan venoms (Macrander et al., 2015 (Macrander et al., , 2016 . Differences in the recruitment patterns between studies might be explained because of the low number of species sampled. The extent of comparison groups (all Cnidaria) in light of the sparseness of data at terminals in the analysis is a concern, for example, no data is currently available on the toxin compliment of venoms from the Staurozoa or Myxozoa (Marques and Collins, 2004; Okamura et al., 2015a) . Based on the data presented, many of the neurotoxic and cytotoxic protein toxin families might have been recruited into the venom proteome early in cnidarian evolution, before the first major radiation in this phylum around 800 million years ago (Park et al., 2012; Van Iten et al., 2016) .
The approaches used in this study were very conservative, with analyses based exclusively on putative toxin protein families found in each proteomic profile and not specific toxin peptides or proteins. These proteomic profiles can be considered phenotypes, or a "morphological representation" of the venom, allowing variation in the toxin complement to be evaluated. For example, in this study JFTs were found only in the venoms of Scyphozoa and Cubozoa. However, previous studies have demonstrated JFTs encoded in the genome and expressed in the proteome of Hydrozoa, and in the transcriptome of the anthozoan Anemonia viridis . Few reports in the literature have documented variation in toxin composition of venom at taxonomic level in the phylum Cnidaria (Orts et al., 2013; Rachamim et al., 2014) , and certainly there have been no studies that have attempted to put into context what the biological consequences of venom variation might be (Gacesa et al., 2015; Knittel et al., 2016) . The difference between the two phylogenetic patterns (accepted vs inferred using the presence and absence matrix) found in this study could be due to various ecological factors that need to be investigated in future studies. But increased sampling and analysis at different taxonomic levels is a priority in order to identify the influence of history and ecology in the origin of these contrasting patterns.
Conclusions
Venom composition of Medusozoa and Anthozoa are different, with cytolytic toxin protein families slightly more abundant in Medusozoa. When only toxin protein family composition was used for phylogenetic inference, the resulting topology (Cubozoa(Anthozoa(Hydrozoa, Scyphozoa))) did not match the classic published phylogeny (Anthozoa(Hydrozoa(Cubozoa, Scyphozoa))). Understanding the functional context (environment versus morphological form) that may drive expression of toxins in Cnidaria requires future experimentally consideration, including wider taxonomic sampling.
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